Paternal methionine intake was positively associated with CpG1 (0.345 % per 100 mg methionine 48 increase, 95% CI: 0.122, 0.586, p = 0.004), and mean CpG (0.215 % per 100 mg methionine increase, 49 95% CI: 0.015, 0.415, p = 0.04) methylation of the IGF2 DMR in cord blood. Furthermore, when 50 fathers had a high intake of methionine, there was evidence for a positive link between folate and 51 IGF2 DMR CpG3 methylation in cord blood. Further, a negative association between birth weight/ 52 birth weight-for-gestational age z-score and paternal betaine intake was found. In addition, a 53 negative association of methionine and a positive association of choline with birth weight were also 54 observed. 55
Conclusion:
Our data indicate a potential impact of paternal methyl-group donor intake on paternal 56 global DNA hydroxymethylation, offspring global and IGF2 DMR DNA methylation, and prenatal 57 growth. 58 3
Background 59
Parents contribute in many ways to the development of their children. It is well documented that 60 maternal lifestyle and exposures before and during gestation influences health and development of 61 the next generation [1] . In recent years, a significant number of studies on various environmental 62 exposures (nutrition, pesticides, lead, bisphenol A) have also reported an influence of paternal 63 exposures on offspring's future health. Anderson et al. [2] reported that paternal food deprivation 64 before conception leads to an impaired glucose metabolism in offspring. Besides genomic effects 65 (DNA mutations), epigenetic modifications have been suggested to explain these paternally 66 transmitted effects [3] . Epigenetic changes, such as DNA methylation alterations, can occur in the 67 male germ line due to environmental exposures, such as diet, and can be further passed on to the 68 offspring [4] . DNA methylation may result in changes in gene expression and phenotype without 69 altering the DNA sequence itself by adding a methyl-group (CH3) to the carbon-5 position of the base 70 cytosine in CpG dinucleotides, catalyzed by the enzyme DNA methyltransferase (Dnmt) [5] . 71
The One-Carbon (I-C) metabolism plays a central role in DNA methylation since it determines the flux 72 of methyl-groups towards methylation of DNA. Folate, betaine, choline, and methionine are the main 73 sources of methyl-groups in the I-C metabolism. All of them enter the I-C metabolism at different 74 sites and are, in the end, all converted to the universal methyl-group donor S-adenosylmethionine 75 (SAM) [6] . So far, the effect of methyl donor intake (e.g. folic acid supplementation) on offspring DNA 76 methylation has been mainly studied through maternal intake [7, 8] . However, Mejos et al. [9] have 77 shown that both maternal and paternal folate deficiency (4 week folate deficient diet) can decrease 78 hepatic global DNA methylation in rat offspring. Carone et al. [10] found that male mice consuming a 79 low-protein diet fathered offspring with altered DNA methylation at specific liver CpG islands 80 MEST, PEG3, and NNAT DMRs [19] were associated with paternal obesity. In order to affect offspring 98 methylation through paternal environmental exposures, the exposure needs to be transferred to the 99 male gametes and be sustained through developmental processes. During gametogenesis, from 100 primordial germ cells to spermatozoa, epigenetic marks are established in a sex-specific way. This 101 seems to be the only window of susceptibility during the lifespan of the father (from puberty to 102 adulthood) where paternal environmental exposures can affect epigenetics marks in the gametes. 103
Shortly after fertilization the embryo undergoes genome wide demethylation, except for imprinted 104 marks and repeat sequences which retain their methylation status, making the overall epigenome 105 hypomethylated [5] . Imprinted genes are therefore perfect candidate genes to capture and keep the 106 paternal environmental exposure, since they withstand reprogramming [20] . Our study focuses on 107 the paternally expressed imprinted insulin-like growth factor 2 (IGF2) which plays a critical role inembryogenesis and fetal growth. Its imprinting is regulated by two DMR's: H19 en IGF2 DMR. The 109 imprint marks at these DMR's are established during spermatogenesis, so methylation is only present 110 on the paternally inherited allele in the offspring [21] . To date, a handful of animal studies suggest an 111 effect of paternal nutrition on offspring DNA methylation [9, 10] . In humans however, the impact of 112 paternal diet on offspring DNA methylation and demethylation has not yet been studied. 113
In this study, we first aimed to determine the effect of paternal dietary methyl-group donor intake 114 (methionine, folate, choline, and betaine) on paternal global DNA methylation and 115 hydroxymethylation. Next, we assessed the effect of paternal methyl donor intake on cord blood 116 global DNA methylation and hydroxymethylation, IGF2 DMR methylation, and investigated a possible 117 link with offspring birth weight. 118
Methods 119

Study subjects 120
The MANOE study (Maternal Nutrition and Offspring's Epigenome) is an ongoing prospective, 121 observational study at the Department of Obstetrics and Gynecology of the University Hospital 122
Leuven (Belgium) that investigates the link between parental methyl-group donor intake and 123 offspring DNA methylation. Pregnant women were followed-up at their scheduled ultrasounds and at 124 these time points fathers were asked to participate (figure 1). Of the 178 women included in the 125 MANOE study, 115 Caucasian fathers provided detailed socio-demographic information (e.g. age, 126 marital status, education), as well as multiple lifestyle or health characteristics (smoking behavior, 127 physical activity, allergies). From these 115 fathers, 41 were excluded from analysis due to missing 128 data (no nutritional information), which resulted in 74 fathers for statistical analysis. We were not 129 able to collect a cord blood sample from 16 newborns, which gives a total of 58 father-infant pairs. 130
Further, two children were excluded because the mother developed gestational diabetes, four due to 131 pre-term delivery (<37 weeks gestation), and one mother had a high risk of neural tube defects and 132 was therefore given an extreme high dose of folic acid (4 mg/day). 51 father-infant pairs were6 included in the statistical analysis. A screening for gestational diabetes was performed at 24-28 134 weeks using a 50 g glucose challenge test. When the test showed a glycaemia ≥ 140 mg/dL (≥ 7.8 135 mmol/L) a 75 g oral glucose tolerance test (OGTT) was also performed. Based on this test two women 136 were diagnosed with gestational diabetes mellitus (153 -199 mg/dl or 8.5 -11 mmol/L glucose) [22] . 137
This study was conducted according to the guidelines laid down in the Declaration of Helsinki and all 138 procedures involving human subjects were approved by the UZ Leuven-Committee for Medical Ethics 139 (reference number: ML7975). At the start of the study, all participants signed an informed consent. 140 the food products in the four databases were quantified in mg/100 g (methionine, choline, and 162 betaine) or μg/100 g (folate). The methyl-group donor intake was calculated by multiplying these 163 nutritional values of each consumed product during the seven recorded days with the portion size 164 (grams) of the product and dividing it by 100. For each methyl-group donor, the intakes of the 165 products consumed in one day were added up. Finally, the average methyl-group donor intake of the 166 seven recorded days was calculated. 167
Paternal and neonatal measurements 168
Through an interview, we collected information about a range of socio-demographic factors, life style 169 habits (e.g. smoking: never smoked/past smoker/current smoker), and physical activity (yes/no). followed by 5 cycles of 30s at 94°C, 30s at 68°C, and 30s at 72°C. This was followed by 50 cycles of 216 30s at 94°C, 30s at 64°C, and 30s at 72°C and ended with a final extension step at 72°C for 10 min. 217
Pyrosequencing 218
In order to assess CpG methylation levels, 20 μL of biotinylated PCR product was immobilized to 219
Streptavidin Sepharose High Performance beads (#17-5113-01, GE Healthcare) followed by annealing 220 to 25 μL of 0.3 μM sequencing primer at 80°C for 2 min with a subsequent 10 min cooling down 221 period. Pyrosequencing was performed using Pyro Gold reagents (#970802, Qiagen) on the PyroMark 222 Q24 instrument (Qiagen) following the manufacturer's instructions. Pyrosequencing results were 223 analyzed using the PyroMark analysis 2.0.7 software (Qiagen). 224
Statistical analysis 225
First, an idependent t-test was used to compare the characteristics of fathers with and without 226 dietary data. Next, pearson correlations were used to display the association between paternal 227 global DNA methylation and global DNA hydroxymethylation. To determine the effect of paternal 228 methyl-group donor intake on paternal global DNA (hydroxy)methylation, cord blood global DNA 229 (hydroxy)methylation, cord blood IGF2 DMR methylation, and birth weight linear regression models 230 were used. Multivariable models were used to correct for possible confounders. Potential 231 confounders were selected based on the association with paternal nutrition and paternal 232 methylation: paternal age, paternal physical activity (yes/no), paternal smoking (never/past/current), 233 and paternal BMI. When assessing the effect of paternal nutrition on offspring methylation; maternal 234 smoking (did not smoke during pregnancy/smoked during pregnancy) and maternal BMI were also 235 selected as potential confounders. Maternal methyl-group donor intake was not selected as a 236 confounder, since there was a significant difference in paternal and maternal methyl donor intake 237 within one household. Model selection was based on the Akaike Information Criterion (AIC): the 238 model with the lowest AIC (indicating the best model fit) was selected among all tested models 239 (every possible combination of the 4 methyl-group donors together with the pairwise interactions). 240
All tests were two-sided, a 5 % significance level was assumed for all tests. Analyses were performed 241 using SAS software (version 9.4 of the SAS System for Windows). The best model explaining paternal hydroxymethylation via paternal methyl-group donor intake was 279 a model with betaine as the only predictive value. Higher intakes of betaine was associated with 280 higher levels of paternal global DNA hydroxymethylation in a model adjusted for age, BMI, smoking 281 status, and physical activity (0.028 % per 100 mg betaine increase, 95% CI: 0.003, 0.053, p = 0.03). 282
There was no evidence that paternal methyl-group donor intake had any predictive value for 283 paternal global DNA methylation, although the association between paternal betaine intake and 284 paternal global DNA methylation was borderline significant (p = 0.08) ( Table 3) . 
The effect of paternal methyl-group donor intake on offspring 295
Besides the effect of dietary methyl-group donors consumed by the father on paternal methylation, 296
we were also interested in its effect on offspring methylation and growth. This analysis was 297 performed on 51 father-infant pairs. Newborn characteristics and methylation profiles are described 298 in table 4. The newborns, 26 of which were girls (51 %), had a mean birth weight of 3.472 ± 0.392 kg, 299 and mean gestational age of 39.75 ± 0.92 weeks. Birth weight-for-gestational age z-score was 300 To assess the effects of paternal methyl-group donor intake on offspring global DNA methylation, the 309 best model was the model with betaine as the only predictive value. Higher intakes of betaine was 310 linked with higher levels of offspring global DNA methylation (0.969 % per 100 mg betaine increase, 311 95% CI: 0.091, 1.302, p = 0.03) in a model adjusted for paternal age, paternal BMI, paternal smoking 312 status, and paternal physical activity. We also included maternal BMI and maternal smoking status as 313 possible confounders. There was no evidence that paternal methyl-group donor intake had any 314 predictive value for offspring global DNA hydroxymethylation (table 5) . evidence that paternal methyl-group donor intake has any predictive value for IGF2 DMR CpG2 336 methylation. 337 At last, we determined the effect of paternal methyl-group donor intake on fetal growth, using birth 344 weight (kg) and birth weight-for-gestational age z-scores. For the effects of paternal methyl-group 345 donor intake on birth weight and birth weight-for-gestational age z-score the best model, was a 346 model with betaine, choline, and methionine as the predictive values. Table 7 Combining paternal dietary and methylation data, we were able to assess the effect of methyl-group 359 donor intake on global DNA methylation and global DNA hydroxymethylation. Although our sample 360 size was limited, we found a statistically significant positive association between betaine intake and 361 global DNA hydroxymethylation. Betaine, present in foods like wheat, shellfish, spinach, and sugar 362 beets, is the immediate substrate providing methyl-groups to remethylate homocysteine and form 363 methionine [38] . In 30 Gambian women of reproductive age, the methyl-group donor intake was 364 measured through dietary records and blood biomarkers related to the I-C metabolism were 365 determined. Positive correlations between dietary intakes and I-C blood biomarkers (homocysteine 366 and dimethylglycine concentrations) were also found for betaine only [39] . Although little is known 367 about the effect of methyl-group donor intake on hydroxymethylation, a recent study by Takumi et 368 al. [40] found that a methionine-choline-deficient diet for one week significantly up regulated gene 369 expression of several enzymes (TET2 and TET3) involved in the DNA demethylation pathway. We 370 observed a positive association between betaine and global DNA hydroxymethylation, which could 371 be mediated through a change in the I-C metabolism and/or regulation of TET family proteins. In our 372 study, no associations between methyl-group donor intake and global DNA methylation were found. We hypothesized that not only in utero, but also preconceptional exposures through the father may 381 induce epigenetic shifts in global DNA (hydroxy)methylation and at the DMR of IGF2 in the offspring. 382
These epigenetic alterations may provide a plausible link between paternal diet and adverse birth 383 outcomes. We only found a significant positive association between paternal betaine intake and 384 offspring global DNA methylation. To our very best knowledge, this is the first study that examines 385 the association between paternal methyl-group donor intake and global DNA (hydroxy)methylation 386 in the offspring. The association between maternal methyl-group donor intake and offspring LINE-1 387 methylation has been studied. Boeke et al. [7] did not find associations between intake of methyl 388 donor nutrients during pregnancy and LINE-1 methylation. However, in a post hoc sex-specific 389 analysis, they found lower cord blood methylation with higher periconceptional intakes of choline 390 and betaine in male offspring only. We confirmed this in a parallel study were we also didn't find an 391 association between maternal dietary methyl-group donor intake and offspring global DNA 392 (hydroxy)methylation in the MANOE study (in preparation). Suggesting that parental dietary methyl-393 group donor intake does not affect offspring global DNA (hydroxy)methylation. However, several 394 studies have shown the possibility that parental methyl-group donor intake could induce changes in 395 offspring gene specific DNA methylation [9, 10, [42] [43] [44] . 396
In this study we selected the paternally expressed IGF2 DMR gene which is important during 397 embryogenesis and fetal growth [21] . Higher intakes of paternal methionine suggested higher levels 398 of IGF2 DMR CpG1 and mean of the three CpG's. For IGF2 DMR CpG3, there was evidence for a 399 positive link with folate when methionine intake was high. Methionine, an essential amino acid, and 400 folate, a water-soluble vitamin, are in the end converted to SAM, which is the universal methyl-group 401 donor. High dietary intake of methionine or folate can influence the I-C metabolism and can 402 therefore induce epigenetic changes [8, 45] . Carone et al. [10] demonstrated that male mice 403 consuming a low protein diet fathered offspring with altered DNA methylation at gene specific CpG 404 islands from the liver (for example, an increase in methylation at a CpG island upstream of PPARα). In 405 humans, Soubry and colleagues [18, 19] showed that paternal obesity (poor/over-nutrition during 406 spermatogenesis) is associated with altered DNA methylation patterns at imprinted genes 407 (hypomethylation at IGF2 DMR, MEST, PEG3, and NNAT DMR's). Based on these results we could 408 conclude that the availability of paternal dietary methyl-group donors during the preconceptional 409 period may affect offspring IGF2 DMR methylation. 410
411
We also investigated the paternal contribution through the preconceptional diet on offspring birth 412 weight. Paternal as well as maternal factors can influence offspring birth weight, although maternal 413 factors make bigger contributions [46] . In this study however, we did find a negative association 414 between paternal betaine intake and birth weight/birth weight-for-gestational age z-score. In 415 addition, choline was positively and methionine negatively associated with birth weight. The possible 416 mechanism behind this could be that methyl-group donor intake alters the level of DNA methylation 417 in spermatogenesis with consequences for the sperm epigenome and pregnancy outcomes. Lambrot 418 and colleagues [47] showed that folate status of male mice alters gene specific sperm DNA 419 methylation and was associated with birth defects ( for example musculoskeletal malformations). 420
Genes affected were implicated in development and chronic disease (Aff3, Nkx2-2, and Uts2, which 421 are implicated in diabetes). 422 423 Some strengths and limitations need to be addressed. Good inclusion and exclusion criteria were set 424 up. One of the strengths is that only Caucasian men were enrolled in the study as there can be 425 biogeographic differences in DNA methylation levels [48] . Furthermore, infants from mothers who 426 developed pregnancy complications (gestational diabetes and pre-eclampsia) or delivered pre-term 427 were excluded because these disorders can cause differences in offspring DNA methylation levels 428 [49, 50] . A 7d EDR was used instead of a food-frequency questionnaire to calculate methyl-group 429 donor intake, since there is no validated questionnaire available to assess methyl-group donor intake 430 in men. A 7d EDR is completed in a prospective manner, so it does not depend on memory, is open-431 ended, and involves a direct estimation of portion size [51] . The 7d EDR also takes into account the 432 within-person variability in food intake, which is necessary because there is a strong day-of-the-week 433 effect [52] . Estimated diet records (instead of weighed diet records) were used because they have 434 the same order of accuracy when ranking subjects and the respondent burden is lower [53] . Lastly, 435
we selected the imprinted IGF2 gene, since it is paternally expressed, so methylation is only present 436 on the paternally inherited allele in the offspring. Isolated leucocytes from cord blood were used as a 437 marker for the newborn's epigenetic status. The use of cord blood, which has different cell types, 438 could be a potential limitation; however the epigenetic profile of imprinted genes is expected to be 439 similar across all cell types, given the establishment of the epigenetic profile prior to conception [54, 440 55]. Murphy et al. found no difference in IGF2 DMR methylation profiles in DNA from different cell 441 fractions from cord blood [34] . 442
The main limitation of our study is its small sample size. However Soubry et al. [18] also described an 443 effect of paternal obesity on IGF2 DMR methylation in offspring from a small sample size (n = 79), 444
suggesting that the paternal impact may be strong enough to be detected in a small population. 445
Another potential concern is proof of paternity. Paternal methyl-group donor intake information was 446 collected after conception. However, Pauwels et al. showed that the maternal intake of methyl-447 group donors during pregnancy is stable, except the folate intake was significantly higher before 448 conception (in preparation). These results give us an indication that paternal methyl-group intake at 449 the moment of conception is similar to the intake at the contact moment, assuming that also the 450 paternal intake is stable over time. It should also be noted that food composition data for methyl-451 group donors is still scarce (mainly for betaine and choline since the database has only recently 452 became available), therefore a direct match with the foods consumed was not always possible as no 453 local (Belgian) data were available for these methyl-group donors. Finally, a multitude of statistical 454 tests were performed without correction for multiple testing. Therefore, the results of the linear 455 regression model should be considered exploratory and considered hypothesis generating. 456
Conclusion 457
We found a positive association between paternal betaine intake and paternal global DNA 458 hydroxymethylation and offspring global DNA methylation, and a negative association with birth 459 weight-for-gestational age z-score. A positive association was also found between paternal 460 methionine intake and offspring IGF2 DMR methylation. These results suggest that preconceptional 461 paternal methyl-group donor intake may cause epigenetics effects in the next generation. The 462 MANOE children will be followed-up to see if paternally induced epigenetic changes may increase the 463 susceptibility for chronic diseases, like obesity, at a later age. 464
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